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Summary 
This work demonstrates that in the absence of the flv4-2 operon-encoded proteins about 20% of 
the phycobilisome antenna becomes detached from the reaction centers. Phycobilisome 
disconnection correlates with a decreased relative amount of PSII dimers, a feature observed in 
the absence of the Sll0218 protein. On the other hand, the Flv2/Flv4 heterodimer stabilizes 
forward electron transfer and increases the charge separation rates in PSII by a possible 
modification of the QB redox potential. 
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ABSTRACT  
Photosystem II (PSII) complexes drive the water splitting reaction necessary to transform 
sunlight into chemical energy. However, too much light can damage and disrupt PSII. In 
cyanobacteria, the flv4-2 operon encodes three proteins (Flv2, Flv4 and Sll0218), which 
safeguard PSII activity under air-level CO2 and in high-light conditions. However, the exact 
mechanism of action of these proteins has not been clarified yet. We demonstrate that the PSII 
electron transfer properties are influenced by the flv4-2 operon-encoded proteins. Accelerated 
secondary charge separation kinetics was observed upon expression/overexpression of the flv4-2 
operon. This is likely induced by docking of the Flv2/Flv4 heterodimer in the vicinity of the QB 
pocket of PSII which, in turn, increases the QB redox potential and consequently stabilizes 
forward electron transfer. The alternative electron transfer route constituted by Flv2/Flv4 
sequesters electrons from QB- guaranteeing the dissipation of excess excitation energy in PSII 
under stressful conditions. In addition, we demonstrate that in the absence of the flv4-2 operon-
encoded proteins about 20% of the phycobilisome antenna becomes detached from the reaction 
centers, thus decreasing light harvesting. Phycobilisome detachment is a consequence of a 
decreased relative content of PSII dimers, a feature observed in the absence of the Sll0218 
protein.  
 
Keywords: electron transfer / flavodiiron proteins / light harvesting / photoprotection / 
Photosystem II 
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INTRODUCTION 
Photosynthetic organisms use light as a primary source of energy but too much light can 
create excessive oxidative stress with lethal consequences for the cells. Also other environmental 
conditions that limit photosynthetic electron transport like inorganic carbon limitation expose 
cells to enhanced oxidative stress. The excess energy absorbed by antenna pigments, i.e. the 
energy that cannot be used for photochemical reactions (electron transport), is dissipated as heat 
in non-photochemical quenching processes (reviewed in (Bailey and Grossman, 2008; Niyogi, 
1999)). Photosynthetic organisms use various strategies for (tuning of) the energy dissipation 
processes (see e.g. (Croce and van Amerongen, 2014)). Cyanobacteria, the ancestors of plant 
chloroplasts, and in particular the model organism Synechocystis sp. PCC6803 (hereafter 
Synechocystis), possess short-term regulation mechanisms which can dissipate the excess energy 
absorbed by the phycobilisome antenna (PBS) as heat with the help of the Orange Carotenoid 
Protein (OCP, (Wilson et al., 2006)) and via state transitions (for a review, see (Mullineaux and 
Emlyn-Jones, 2005; van Thor et al., 1998)).  
Other mechanisms of photoprotection involve the induction of alternative electron 
transfer routes which dissipate the excess of electrons in the photosynthetic chain, resulting in 
decreased photodamage of PSI and PSII. Only very recently, proteins encoded by the flv genes 
were discovered to play a central role in the dissipation of excess excitation energy of PSI 
(Allahverdiyeva et al., 2011; Allahverdiyeva et al., 2013) and PSII (Bersanini et al., 2014; 
Hakkila et al., 2013; Zhang et al., 2012; Zhang et al., 2009). 
The flv4-2 operon, specifically involved in photoprotection of PSII, is strongly induced at 
air level CO2 concentration and/or high light irradiances (HL) (Zhang et al., 2009). These 
environmental conditions make PSII particularly sensitive to photodamage due to the fact that 
over-reduction of the terminal acceptors is limiting the photosynthetic electron flow. The operon 
encodes three proteins (Flv2, Flv4 and Sll0218) and it is conserved among β-cyanobacteria 
(Zhang et al. 2012). Flv2 and Flv4 form a heterodimer (Flv2/Flv4), which is localized in the 
cytoplasm but also has a high affinity for the membrane in the presence of cations (Zhang et al., 
2012). Flv2/Flv4 constitutes an electron sink at the PSII acceptor side, which allows the PQ pool 
to be in the oxidized state, protects PSII against photodamage, and concomitantly reduces the 
production of singlet oxygen (Bersanini et al., 2014). Sll0218 is located in the thylakoid 
membrane. It forms a high molecular mass complex in association with unknown partners and 
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stabilizes PSII dimers (Zhang et al., 2012). Flv2 and Flv4 are members of the flavodiiron protein 
(FDP) family. FDPs are electron transfer enzymes spread among strict and facultative anaerobic 
bacteria, where they are involved in O2 and/or NO detoxification (Vicente et al., 2008). In 
oxygenic photosynthetic organisms (mainly cyanobacteria, green algae and lower plants as 
shown in Zhang et al., 2009), FDPs show a particular composition different from all other FDPs, 
with an extra C-terminal flavin reductase domain. Apart from Flv2 and Flv4, Synechocystis 
contains two more FDPs encoded by the sll1521 (flv1) and sll0550 (flv3) genes. Flv1 and Flv3 
proteins form a very important electron sink which protects PSI from oxidative damage under 
fluctuating light conditions (Allahverdiyeva et al., 2013). In vivo, Flv1 and Flv3 acquire 
electrons at the acceptor side of PSI and deliver them to molecular oxygen (Allahverdiyeva et al., 
2013), reducing it to water without the production of reactive oxygen species (ROS) (Helman et 
al., 2003), in a process called the “Mehler-like” reaction.  
The question how the Flv2/Flv4 operon exactly influences the PSII kinetics has so far 
remained unanswered. The energy transfer and charge separation kinetics in isolated PSII core 
particles and PSII cores in vivo have been well studied with time-resolved fluorescence and 
transient absorption measurements. Dominant lifetime components with open RCs (oxidized QA) 
were observed in the range from 35-40 ps (Miloslavina et al., 2006) to 60-80 ps (Schatz et al., 
1987; Tian et al., 2013) and around ≈300-500 ps. The first component reflects excitation 
trapping/primary charge separation in PSII core complexes containing only the antenna 
complexes CP43 and CP47, while the second has been assigned to secondary electron transfer to 
the quinone acceptor QA together with recombination (Tian et al., 2013; van der Weij-de Wit et 
al., 2011). The kinetics of PSII with closed RCs (QA reduced) in both isolated cores and intact 
organisms have been studied by a number of groups (Roelofs et al., 1992; Szczepaniak et al., 
2009; Tian et al., 2013). One of the most pronounced effects of closing the RC in PSII both in 
vivo and in vitro is an increase of the fluorescence yield by a factor of 4–6, and a corresponding 
lengthening of the average fluorescence lifetime due to slowing down of the charge separation 
rate (Roelofs et al., 1992; Tian et al., 2013). Therefore, time-resolved fluorescence measurements 
constitute a valid tool to study if and how the Flv2/Flv4 proteins affect the ultrafast PSII kinetics. 
The flv4-2 operon provides the cells with an important photoprotective mechanism, and it 
is also important for effective energy transfer from PBSs to PSII in air level CO2 conditions 
(Zhang et al., 2012, Bersanini et al., 2014). A high emission peak at 685 nm in the 77K 
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fluorescence spectra, caused by uncoupled PBSs terminal emitters, suggested the occurrence of 
distorted energy transfer from the PBS terminal emitters to the PSII reaction centers in the flv4-2 
operon deletion mutants.  
Both steady-state and time-resolved spectroscopy, at room temperature and at 77K, were 
applied here to investigate the effects of the flv4-2 operon on excitation energy transfer (EET) 
from the PBS antenna and on PSII charge separation kinetics. A deletion (∆flv4) and an 
overexpression mutant (OE) of the whole flv4-2 operon were compared with a wild type (WT) 
strain. It is demonstrated that deletion of the flv4-2 operon results in the detachment of around 
20% of the PBS antenna, and that the Flv2 and Flv4 proteins are not directly involved in EET 
from PBSs to PSII but instead the Sll0218 protein is important for this process. Furthermore, the 
Flv2/Flv4 heterodimer increases charge separation rates within reaction centers of PSII under air 
level CO2 conditions by increasing the redox potential of a quinone acceptor. 
RESULTS 
Steady-state fluorescence of the flv4-2 operon mutants 
As a first attempt to characterize energy flow from PBS to PSII, the steady-state 
fluorescence emission spectra were recorded for overexpression (OE) and deletion (∆flv4) 
mutants of the flv4-2 operon, both at 77K and at room temperature (RT). The OE mutant had a 
77K fluorescence emission spectrum (excitation light: 580 nm) more similar to the WT 
spectrum, showing a slightly lower peak at 685 nm as compared with WT (Fig. 1A). The lower 
F685 peak in the OE mutant was interpreted as a signal of enhanced efficiency of EET from 
PBSs to the PSII reaction centers (Bersanini et al. 2014). The emission spectra recorded at 77K 
for the ∆flv4 mutant, showed a higher peak at 685 nm (Fig.1A) in accordance with Bersanini et 
al. (2014) and Zhang et al. (2012). Since the increase of the F685-nm band was not accompanied 
by enhancement of the F695-nm band, Zhang et al. concluded that the increase of the F685-nm 
band results from disturbed energy transfer from terminal emitters of PBSs to the PSII core. In 
our measurements F685 was always very high in ∆flv4 when compared with the other strains, 
and F645 and F660, corresponding to the emission of phycocyanin (C-PC) and allophycocyanin 
(APC) respectively, rose significantly in some of the measurements, resulting in the averaged 
spectra presented in Fig.1A.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
6 
 
To verify that the phenotype of ∆flv4 was due to inactivation of the expression of the 
flv4-2 operon a complementation strain was constructed. The expression of the flv4-2 operon 
under the control of the psbA2 promoter in ∆flv4 strain (complementation mutant ∆flv4/::flv4-2) 
resulted in a WT-like phenotype (Supplemental Fig. S1).  
Fluorescence emission spectra recorded at RT showed a maximum at 660 nm, related to 
APC660 emission. The ∆flv4 mutant showed a decreased 645 nm shoulder and a slight increase of 
the 685 nm shoulder, when normalized at 660nm (Fig.1B). Non-normalized spectra showed 
increased F660 for ∆flv4 and slightly decreased fluorescence for OE (Fig.1C). The observed 
increase at 660 nm in the ∆flv4 mutant indicates lower energy transfer from the PBSs to the 
reaction centers in agreement with the 77K fluorescence emission spectra. 
 
Time-resolved fluorescence of the flv4-2 operon mutants at 77K 
The influence of the flv4-2 operon on EET from PBSs towards PSII reaction centers is 
one of the main issues to be resolved. The time-resolved fluorescence results, obtained with the 
streak-camera setup at 77 K with 580 nm excitation, are compared in Fig. 2. No large differences 
were observed between the WT, OE and ∆flv4 strains in the “raw” streak-camera images (Fig. 2 
A, B, C). However, in agreement with steady-state fluorescence emission measurements 
(Bersanini et al., 2014; Zhang et al., 2012), the ∆flv4 mutant appeared to have slightly higher and 
longer-lived emission in the 685 nm region. The time-resolved fluorescence data were fitted 
globally, and the decay-associated spectra (DAS) for WT, OE and ∆flv4 are presented in Fig. 2D, 
2E and 2F, respectively. In all cases, the best fit was obtained with a sum of five exponential 
components.  
The 1st DAS has two positive peaks at 630 and 690 nm and two negative peaks at 650 nm 
and 720 nm, thus representing energy equilibration in C-PC rods and within PSI, respectively. 
The 2nd DAS carries the typical signature of EET from C-PC towards APC trimers with 
maximum emission at 660 nm (APC660) as concluded from the positive peak at 640 nm and the 
negative one at ~665 nm. The 3rd fluorescence decay component represents EET from APC660 to 
APC680 and Chls with 85 ps time constant (Tian et al., 2011). All three EET steps correspond to 
almost identical amplitudes and lifetimes for different strains indicating that EET within PBSs 
does not differ for the three strains. The 4th fluorescence decay component represents the 
contribution from several complexes with corresponding spectra peaking at 665 nm, 682 nm, and 
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715 nm. The 665 nm peak is characteristic for PBSs (Liu et al., 2013). The 682 nm peak 
decaying with ~250 ps time constant was previously assigned to PSII, while the 715 nm peak is 
characteristic for PSI (Tian et al., 2013). The 5th DAS represents both PSII (~690 nm) and PSI 
(~725 nm), whereas a small contribution from detached PBSs results in the 650-660 nm band. 
The 360 ps and 1.3 ns lifetimes were reported previously for APC680 in vivo (Scott et al., 2006), 
thus APC680 emission might also contribute to the 4th and 5th DAS emission in the 680-685 nm 
region (Fig. 3, D, E).  
Comparison of individual DAS showed only small differences between WT and OE 
samples. They were mostly observed in the 3rd -5th DAS and manifested by changes in the DAS 
amplitudes while the lifetimes of the components hardly differ.  The ∆flv4 strain showed some 
differences with WT in the 4th and 5th DAS. Yet the most pronounced difference between WT 
and ∆flv4 concerns the higher amplitude of the ~685 nm peak of the 5th DAS for ∆flv4 as 
compared with its counterpart in WT. Since the 5th DAS decays with 2 ns lifetime, its 
contribution to the total fluorescence yield is the biggest, and it results in the dominant 
contribution of the 685 nm peak for ∆flv4 in steady-state measurements. This peak position is 
more characteristic for APC680 emitters than for CP47 of PSII (Liu et al., 2013; Scott et al., 
2006). In the context of the lower emission of the 665 nm and 682 nm peaks in the 4th DAS of 
the ∆flv4 strain, the results suggest some contribution of detached PBS in the sample. However, 
due to the very close proximity of the 685 nm peak with the PSII emission maxima, the data do 
not provide strong evidence for disturbed ET from PBSs to RCs in the ∆flv4 mutant.  
 
Time-resolved fluorescence of the flv4-2 operon mutants at RT 
The samples were also measured at their physiological state (RT) and the effect of the 
flv4-2 operon-encoded proteins on EET from antenna to PSII RCs was studied. Differently from 
the 77K measurements, four components appeared to be enough to describe all streak-camera 
data at RT (see Supplemental Fig. S2; Supplemental Fig. S3). The WT and OE mutants showed 
very similar lifetimes and DAS shapes (Fig. 4). The fastest component (13 ps) has a positive 
peak at 620 nm and negative peak at ~ 650 nm, thus representing EET within the C-PC rods at 
RT. The 2nd component having a positive peak at ~640 nm and a negative peak at~660 nm 
represents EET from C-PC towards APC660. The 3rd component with 130 ps lifetime, peaking at 
650 nm, largely represents PBS decay. Since in WT and OE the 3rd DAS also shows a strong dip 
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in the 680 nm region, EET to APC680 and Chls should contribute to the DAS as well. According 
to the strongly positive characteristic of the DAS, PBS decay is the dominating process. The 4th 
DAS represents excitation trapping by PSII RCs.  
The global analysis results of the ∆flv4 mutant showed clear differences from those of 
WT and OE samples at RT. All four lifetimes were substantially longer in ∆flv4. The EET 
spectrum disappearing with a 92 ps lifetime revealed a more positive amplitude for ∆flv4 than for 
WT and OE cells, indicating that substantial excited-state decay already occurs on the time-scale 
of 90 ps, which is also characteristic for isolated PBSs (Tian et al., 2012). Detachment of PBSs 
in ∆flv4 is also suggested by the fact that the increased lifetime of the 3rd DAS is not linked to a 
strong dip in the 680 nm region as observed for WT and OE, indicating that EET from APC660 to 
APC680 and Chls has also decreased. Most importantly, the 4th DAS changes its shape and 
instead of peaking at ~670 nm which is characteristic for PSII decay due to charge separation, it 
peaks at ~660 nm which reflects PBS emission. The lifetime of the 4th DAS has increased 
strongly (990 ps for ∆flv4 instead of ~340 ps for WT, OE), suggesting distorted EET, which 
according to the spectral change should originate from detached PBSs.  
Comparison of EET efficiency from PBSs towards PSII RCs in OE and WT  
We next addressed the question whether OE shows an enhanced efficiency of EET from 
PBSs towards PSII reaction centers at RT as was suggested previously (Bersanini et al., 2014). 
The obtained OE and WT datasets of a representative measurement as well as the resolved DAS 
(Fig. 4) did not show substantial differences between the two samples. Although some small 
differences between WT and OE were present, they were subject to variation between the 
measurements and could come from natural variations observed in different biological replicates. 
For proper comparison of WT and OE strains, their lifetimes at four independent measuring 
days, were all linked together (the lifetimes were equalized for all measuring days, while the 
amplitudes were allowed to vary) and averaged. The averaged DAS were plotted together with 
estimated error margins (Fig. 5).  
In agreement with the 77K measurements, the comparison of averaged WT and OE DAS 
from streak-camera data showed no substantial differences (Fig.5), demonstrating that EET from 
PBS to RCs does not differ for OE and WT.  
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Comparison of EET the efficiency from PBSs towards PSII RCs in WT and ∆flv4  
From the streak-camera data presented in Fig. 4, we can conclude that the ∆flv4 
fluorescence decays slower than the WT one. A linked analysis of representative WT and ∆flv4 
datasets was then performed in order to understand what is influencing the fluorescence decay 
behavior of the ∆flv4 strain. The result is presented in Fig. 6.  
The two fastest components represent EET within PBSs. The amplitudes do not differ for 
WT and ∆flv4, and this confirms again that EET steps within PBSs are not affected by the flv4-2 
operon-encoded proteins. The main difference between WT and ∆flv4 relates to the two slowest 
components with lifetimes 159 ps and 654 ps. The amplitude of the 159 ps DAS, which is mainly 
assigned to PBSs because of the spectral shape, decreases by around 16% in ∆flv4. This decrease 
is accompanied by a similar increase of the amplitude of the 4th (654 ps) DAS in ∆flv4 as 
compared to WT. The 4th DAS for ∆flv4 peaks at ~665 nm instead of 680 nm for WT, which is 
strongly reminiscent of the spectrum of PBSs. This reflects some PBS detachment in ∆flv4 which 
also leads to an increase of the fluorescence lifetime. This is confirmed by the difference spectra 
for WT and ∆flv4 mutant, calculated by subtraction of the fluorescence emission spectrum of the 
4th DAS of WT from that of ∆flv4 (Fig. 6, insert). The difference spectrum does not have any 
shoulder or band in the 680 nm region but represents the PBS peak at 660 nm, thus confirming 
that the increase of fluorescence in the spectra indeed reflects detached PBSs and is not due to a 
higher contribution of closed RCs observed for ∆flv4 (see section “Effect of flv4-2 operon-
encoded proteins on EET and charge separation in PSII”). This effect on the 4th fluorescence 
decay component of ∆flv4 is caused by the decoupling of around 16% of the PBSs, as calculated 
from the change in the amplitude of the 3rd component. 
Organization of the PSII complexes in the flv4-2 operon mutants  
The thylakoid membranes of WT and flv4-2 operon mutants were analyzed with blue 
native (BN)-PAGE gels (Fig. 7). Three major forms of PSII complexes were identified after BN-
PAGE: the dimer, the monomer, and the CP47-RC monomer, i.e. the PSII monomeric complex 
that lacks the CP43 protein. The PSII core protein D1 was quantified by immunoblotting the BN 
gel, in order to give an estimation of the amounts of the different PSII complexes (Table I). The 
PSII total content and the PSII dimer to monomer ratio in the WT and OE strains were 
comparable (Fig. 7 and Table I). Additionally, the OE strain showed a decreased content of 
CP47-RC and equal increase of relative content of both PSII dimer and monomer forms. As 
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reported earlier by Zhang et al. (2012), the ∆flv4 mutant had lower amounts of PSII than the WT. 
Further, a clear decrease of PSII dimer and a minor decrease of PSII monomer complexes were 
evident in the ∆flv4 mutant, resulting in a decreased PSII dimer to monomer ratio. Previously, 
the PSII dimer/monomer ratio was suggested to be regulated by the Sll0218 protein (Zhang et al., 
2012). Considering these results, we suggest a correlation between the reduction of the PSII 
dimer to monomer ratio and the antenna detachment, which is displayed by a consistent increase 
of PBS fluorescence in ∆flv4. 
Effect of flv4-2 operon-encoded proteins on EET and charge separation in PSII  
In order to investigate further the effect of the expression of the flv4-2 operon on PSII 
EET and charge separation rates, the fluorescence decay kinetics of WT, OE and ∆flv4 were 
measured with the time-correlated single-photon counting setup (TCSPC). To maximize Chl a 
excitation and minimize PBS excitation, the cells were excited at 440 nm. In this case PBSs are 
hardly excited (<10 %) (Supplemental Fig. S4, Supplemental Table S1) and the decay traces are 
dominated by the contribution of Chl a in PSI and PSII. 
Representative decay curves measured at 679 nm are presented in Fig. 8. OE traces were 
always faster than those of WT, when measured at both low and high excitation pressure 
conditions (LEP and HEP, respectively) whereas the decay for ∆flv4 was always slower than in 
WT.  
According to (Bersanini et al., 2014; Zhang et al., 2012), the Flv2/Flv4 heterodimer 
accepts electrons at the secondary electron-accepting PQ (QB) pocket of PSII. Considering this, it 
becomes important to assess whether charge separation times of OE and ∆flv4 differ from those 
of WT. To obtain more quantitative information on the fluorescence decay kinetics, we fitted the 
decay curves to a multi-exponential decay function. To separate the PSI-related fluorescence 
decay components from PSII-related decay kinetics, the decay traces detected at three different 
wavelengths were globally analyzed (Table II). In all cases, the data were well described by 4 
decay components (Table II). In LEP, the contribution of photochemistry is almost negligible, 
thus changes in PSII fluorescence lifetimes are related to charge separation kinetics, which 
almost does not affect redox state of PQ pool; in HEP more reduced QA and QB and sequentially 
lengthening of PSII lifetimes represent changes in both charge separation as well as PQ redox 
state (Tian et al., 2013). 
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The fastest decay component with ~ 25 ps lifetime is mostly attributed to PSI since its 
contribution increases from 81-86 % to 95-96 % going from 680 nm to 720 nm detection 
wavelengths (Table II). The high amplitude is due to the fact that the Chl molecules are mainly 
localized in the core antenna of cyanobacteria: the Chl/P700 ratio in each PSI monomer complex 
is 96 (Jordan et al., 2001), whereas the Chl/P680 ratio in each PSII monomer complex is only 35 
(Umena et al., 2011). So almost 90% of Chls in Synechocystis are localized in PSI (PSI/PSII = 4) 
(Stadnichuk et al., 2009). Some small contribution of PSII decay kinetics to the shortest 
component especially at 679 nm cannot be excluded. It should be mentioned that the amplitudes 
and lifetimes of the PSI-related component do not vary in LEP or HEP conditions for any 
individual sample, excluding a role of spillover for adaptation to HEP conditions.  
The 2nd and 3rd fluorescence decay components are mostly attributed to PSII since their 
amplitudes had a peak at 679 nm where PSII has its highest contribution. Those components 
obtained for the WT/OE measurements in LEP conditions fall in the range of 140-170 ps and 
360-400 ps. The latter was reported before and was attributed mostly to electron transfer to QA 
(secondary charge separation) in open RCs. On the other hand, the shortest PSII-related 
components (140 -170 ps) dominate the PSII fluorescence kinetics, just like the 40-80 ps DAS, 
resolved in previous time-resolved studies (Schatz et al., 1988; van der Weij-de Wit et al., 2011; 
Vassiliev et al., 2002), and it is influenced by excitation trapping within PSII and primary charge 
separation kinetics (van Oort et al., 2010). The relative contribution of the shortest PSII-related 
components (140 -170 ps) to the total PSII amplitude is somewhat lower especially at 679 nm in 
LEP conditions than the relative amplitude of the 40-80 ps DAS reported before (WT: 70% 
(current work), 78-81% from (Schatz et al., 1988; van der Weij-de Wit et al., 2011; Vassiliev et 
al., 2002). The 8-11% decrease indicates that most probably the 21-28 ps component is also 
partly “contaminated” by PSII. That explains why our fastest PSII-related components are 
longer-lived than those previously reported, while the average fluorescence lifetime is of the 
same order (λdet = 680 nm: 60 ps (WT, current work), 75 ps (PBS-less mutant (PAL), from (Tian 
et al., 2013).  
In the WT strain, both PSII-related lifetimes (2nd and 3rd components) became 
considerably longer-lived in HEP as compared with LEP conditions (by 50 ps and 130 ps, 
respectively), indicating an increase of closed RCs in HEP. In OE, the lifetime of the 2nd 
component did not change considerably both in LEP and HEP, while the lifetime of the 3rd one 
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increased by 100 ps in HEP. The lifetime of the 3rd component was shorter in OE compared with 
WT already in LEP, demonstrating an increase of secondary charge separation and a concomitant 
decrease of back charge recombination (Schatz et al., 1988; Szczepaniak et al., 2009; Tian et al., 
2013). The differences do not originate from changes in PQ pool redox state, since it hardly 
affects PSII fluorescence lifetimes in LEP, which mostly represent energy trapping and 
primary/secondary charge separation rates (van Oort et al., 2010). In general, the amount of 
closed RCs was higher for WT than for OE in both LEP and HEP. The resolved PSII 
components for ∆flv4 were considerably longer than those obtained for WT and OE both in LEP 
and HEP measurements (Table II). This indicates a significant build-up of RCs with reduced QA 
in ∆flv4 already in LEP conditions when the probability of a PSII being excited is almost 
negligible due to low photon density. Thus, PSII lifetimes of ∆flv4 in LEP are affected by 
decreased charge separation exclusively, while the longer PSII lifetimes in HEP are caused by 
QA reduction as well as concomitant reduction of the PQ pool. The higher amount of reduced QA 
in the ∆flv4 samples can be partially caused by PSII monomerization, since a higher redox 
potential of QA /QA- and inefficient forward electron transfer was suggested in one fraction of the 
PSII monomers isolated from the cyanobacterium Thermosynechococcus elongatus (Mamedov et 
al., 2007). However, in our case the effect should be mostly Flv-related, since OE shows faster 
PSII lifetimes than WT, although both samples have the same PSII monomer/dimer ratios (Table 
I).  
The fluorescence decay component with the longest lifetime (2.0- 2.5 ns) in the samples 
most probably originated from closed RCs and/ or free Chl. Since its contribution was almost 
negligible and the variation of its relative amplitude in different measuring conditions (LEP or 
HEP) was extremely small, if present at all (≤0.1 %), its origin could not be identified.  
In summary, the flv4-2 operon neither affects the PSI fluorescence lifetimes nor the 
PSII/PSI ratio. The deficiency of flv4-2 operon-encoded proteins strongly slows down PSII 
fluorescence kinetics by reducing QA even when the measuring conditions  minimize the chance 
of PSII being excited, indicating a strong decrease of charge separation with concomitant 
increase of backward charge recombination. This is in agreement with the model proposed by 
Zhang et al. (2012), where the Flv2/Flv4 heterodimer is supposed to intercept electrons from the 
QB pocket of PSII. But the reason for such pronounced differences in the reduction state of QA 
between different flv4-2 operon mutants should be still further investigated. 
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Thermoluminescence characteristics of the flv4-2 operon mutants 
The changes in secondary charge separation kinetics of PSII in the flv4-2 operon mutants 
might arise as a consequence of a different redox potential of QA and/or QB in the mutants.  To 
characterize this issue, WT and flv4-2 operon mutants were subjected to thermoluminescence 
(TL) measurements. The TL curves of WT showed a characteristic peak around 31-32˚C, the so-
called B band, which arises from S2(3)QB– recombination when a single turnover saturating flash 
is applied (Demeter and Vass, 1984; Rutherford et al., 1982). A shift of the B band to higher 
temperature was observed in the OE mutant (33.6 ˚C), while in ∆flv4 the TL peak moved to 
lower temperature (29.7 ˚C, see Fig.9A). Another important TL band, the Q band, is obtained by 
the addition of DCMU, an electron transfer inhibitor of the QA to QB electron transfer. The Q 
band is characterized by a typical downshift of the position of the major TL peak to 23˚C in the 
WT, and it arises from S2QA- recombination (Droppa et al., 1981; Rutherford et al., 1982).  
Nevertheless, the peak temperature values for the Q band were similar in the mutants and WT 
(Fig. 9B).  
The amplitudes of the B and Q bands (Fig. 9)  were lower for ∆flv4 in comparison to WT, 
due to a reduced PSII content (Zhang et al., 2009; Zhang et al., 2012), while the peak amplitudes 
were comparable for WT and OE strains.  
Deconvolution analyses for the B and Q bands (Supplemental Fig. S5 and Supplemental 
Table S2) supported the data presented in Fig. 9. However, two peaks were revealed by 
decomposition of the B band, peaking at 37˚C and 27˚C. The heterogeneity of the B band after a 
single turnover saturating flash was described in cyanobacteria already in the 80-90s (Bader et 
al., 1983; Deak et al., 1995).  In contrast to higher plants, in cyanobacteria stable fractions of S2 
and S3 can be present even after long dark adaptation (Bader et al., 1983). In line with this 
observation, Deak et al. (1995) also demonstrated that after a single flash the TL B band could 
arise from both S2QB- and S3QB- recombination. Considering this, the peak obtained around 37˚C 
might represent the S2QB- recombination process while the peak at around 27˚C might represent 
a contribution of a specific B band (S3QB-) observed in thylakoids in the presence of ∆pH and 
electrochemical gradients.  The temperature downshift of the 27˚C band can be explained by an 
acidic pH of the lumen, which destabilizes S3 strongly and S2 to a lesser extent (Joliot and Joliot, 
1980; Rutherford et al., 1984), as clarified by the pH-dependent protonation pattern of the S 
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states (Lavergne and Jünge, 1993). The ratio of the peak areas of the two S2(3)QB- bands only 
slightly varies among the strains, the only difference being in the OE strain where the S2QB- band 
is more intense than the S3QB- band (Supplemental Table S2). Nevertheless, the S2QB- peak 
temperature was downshifted in ∆flv4 and upshifted in OE strain when compared to WT, while 
the pH-related S3QB- peak temperature did not show significant strain-specific differences. It is 
thus conceivable that S2QB- became destabilized in ∆flv4 but more stabilized in OE, while the 
∆pH difference influencing the S3QB- peak remained similar for the utilized dark adaptation 
period. In contrast to the B band, the TL experiments in the presence of DCMU did not show any 
shift in the Q band, therefore indicating that S2 and QA are most probably not affected in any of 
the strains. It is thus plausible that QB or the QB pocket, rather than QA, is the subject of 
modifications in the presence of flv4-2 operon-encoded proteins.  
To summarize, these results indicate the absence of a shift of the redox potential of QA in 
the flv4-2 operon mutants. On the contrary, the shifted position of the B band in the mutants as 
compared to WT suggests that the presence of the flv4-2 operon-encoded proteins (WT and OE) 
could increase the redox potential of QB, thus expanding the redox gap between QA and QB and 
favoring forward electron transfer. In the absence of flv4-2 operon-encoded proteins (∆flv4), the 
shift of the B band to lower temperature might indicate reduced redox potential of QB, thus 
favoring backward electron transfer towards QA, as observed in TCSPC measurements 
DISCUSSION 
Deletion of the flv4-2 operon results in antenna detachment 
The flv4-2 operon-encoded proteins were shown to be important for PSII stability, 
electron transfer properties, and also for EET from PBS to RCs (Zhang et al., 2012, Bersanini et 
al., 2014). In particular, an increased fluorescence emission at 685 nm in the 77K measurements 
of the ∆flv4 mutant was indicative of distorted energy transfer between PBS and RCs (Fig. 1A, 
Zhang et al 2012), but the underlying mechanism has remained elusive. It is relevant to 
understand i) whether the excitation energy transfer is distorted within PBS or from PBSs 
towards the RCs; ii) if this is a secondary effect or it is related directly to structural association of 
the flv4-2 operon-encoded proteins to PBS, and finally iii) whether the changes of the F685 
intensity are related to a relative increase of PBS-PSII association rather than to PBS-PSI 
association.  
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In the current work, EET from PBSs towards RCs was closely studied using both steady-
state and time-resolved fluorescence measurements performed at 77K and RT. At a first glance, 
the steady-state fluorescence measurements at RT suggested the presence of disconnected PBS in 
the ∆flv4 mutant (Fig. 1C). Streak-camera measurements at 77K and RT revealed that the flv4-2 
operon encoded proteins do not affect EET steps within PBSs. Since at 77K the fluorescence 
yield of both PSII and PSI increase substantially as compared with RT, even small variations in 
PBS-PSII/PBS-PSI as well as PBS/RC ratios cause changes in the amplitude of steady-state 
fluorescence peaks making the latter technique unsuitable to draw conclusions about alterations 
in EET from PBSs towards RCs. 
Time-resolved RT measurements provided strong evidence that deletion of the flv4-2 
operon affects EET from PBSs towards RCs and leads to decoupling of part of the PBSs (~16 
%). This effect by far dominates the difference between WT and ∆flv4 time-resolved data upon 
PBS excitation as compared to the higher amount of closed RCs in ∆flv4 (observed by TCSPC 
upon Chl a excitation, Fig. 8). In fact, PBS fluorescence contributed predominantly to the 
increase of amplitude in the 4th DAS (650 ps) of ∆flv4 (see Fig. 5 (insert)) instead of PSII 
emission (~670-680 nm).  Based on our results, we conclude that the streak camera 
measurements at RT constitute a reliable way to quantify the amount of detached antenna from 
RCs in cyanobacteria. 
Interestingly, the overexpression of the flv4-2 operon (OE mutant) did not produce any 
significant alteration in the EET rate from PBS to RCs. 
Antenna detachment is caused by destabilization of PSII dimers 
BN-PAGE gel experiments (Fig. 7) showed that the PSII dimer to monomer ratio is 
around 1 in WT and OE strains. However, the ∆flv4 strain showed a strong decrease of PSII 
content in general, and in particular of PSII dimers (PSII dimer/PSII monomer ~ 0.6), with a 
relative decrease of PSII dimer content in relation to WT of around 20%. Importantly, we did not 
detect an increase of EET efficiency towards PSII in the OE mutant, but we clearly observed that 
almost 20% of PBSs are decoupled from the RCs in ∆flv4. Further, the phycobilin to Chl a ratio 
is not significantly changed in these three strains (Supplemental Fig. S6), suggesting that the 
amount of PBS is proportional to the Chl a- containing complexes in all the strains. In light of 
these results, we suggest that the detachment of PBS is a secondary effect related mainly to the 
instability of PSII dimer complexes in the ∆flv4 mutant (Fig. 10A). The decrease of the PSII 
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dimer content was shown to be related to the absence of the Sll0218 protein (Zhang et al., 2012). 
This suggests that the absence of the Flv2/Flv4 heterodimer does not play a role in antenna 
detachment, which is more likely related to the lack of the Sll0218 protein.  
Other mutations resulting in an altered PSII dimer to monomer ratio have also been 
shown to affect EET from antennae to reaction centers, resulting in increased F685 in 77K 
fluorescence emission measurements. A few examples are the ∆pgsA mutant, lacking normal 
phosphatidylglycerol content (Sakurai et al., 2007), the iron-starved ∆IsiA mutant (Wilson et al., 
2007), and ∆psbT (Bentley et al., 2008; Young, 2010). Many studies support the fact that PBSs 
attach well to PSII dimers but not to monomers (Arteni et al., 2009; Bald et al., 1996; Barber et 
al., 2003; Mörschel and Mühlethaler, 1983; Mörschel and Schatz, 1987). These observations 
support the interpretation that energy harvested by PBSs flows only or majorly to PSII dimers, 
and not to PSII monomers, explaining the distorted energy transfer observed in the flv4-2 operon 
and other mutants with relatively decreased PSII dimer content.  
The monomerization of PSII dimers under stressful conditions is a common process 
among photosynthetic organisms. In fact, it is considered to be a prerequisite for the PSII repair 
process, both in cyanobacteria and in higher plant thylakoids (for reviews see (Aro et al., 2005; 
Nixon et al., 2005)). Furthermore, PSII monomerization is accompanied by antenna dissociation, 
as demonstrated in the present work for cyanobacteria. In higher plants, the light-harvesting 
complex of PSII (LHCII) antenna detaches from photodamaged PSII in grana appressions. 
Subsequently, the damaged PSII dissociates into monomers and migrates to the grana margins 
and/or stroma thylakoids for repair (Aro et al., 2005; Herbstova et al., 2012; Tikkanen et al., 
2008). It is not yet known whether PBSs detach before PSII monomerization from 
photodamaged PSII dimers in cyanobacteria. In particular, here we provide evidence that PBS 
detachment is a secondary effect of PSII dimer destabilization observed in the absence of the 
Sll0218 protein (Zhang et al., 2012). Nevertheless, the antenna detachment mechanism seems to 
be beneficial under continuous stress conditions, when the photoprotective responses have been 
exhausted and the maintenance of efficient light harvesting and energy transfer would be both 
superfluous and harmful (Tamary et al., 2012). 
 
Flv2/Flv4 accelerates charge separation kinetics  
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The unique function of the flv4-2 operon-encoded proteins, Flv2, Flv4 and Sll0218, in 
photoprotection of PSII has remained mechanistically elusive, especially with respect to the 
function of each single protein of the operon. The results presented above provide evidence that 
the Sll0218 protein is the main player for correct PBS association with PSII dimers while 
previous results have suggested a role for the Flv2/Flv4 heterodimer in an alternative electron 
transfer route via PSII (Zhang et al., 2012; Bersanini et al., 2014).  
In this work, TCSPC measurements clearly show that the absence of the flv4-2 operon-
encoded proteins strongly increases PSII fluorescence lifetimes by reducing QA, or by not 
oxidizing reduced QA/QB, even when the measuring conditions minimize the chance of a PSII 
being excited. In these conditions also the OE mutant shows some difference from WT. By 
increasing excitation pressure on PSII, simulating high light stress, the OE mutant was capable of 
keeping QA more oxidized than WT, while the ∆flv4 mutant had more reduced QA compared to 
WT.  
Importantly, from one hand, the reduction of the 2nd and 3rd fluorescence decay lifetimes 
in the TCSPC measurements in LEP indicate that the charge separation rates increase whereas 
backward charge recombination rates decrease in the presence of flv4-2 operon-encoded proteins, 
thus supporting the decreased production of singlet oxygen as reported earlier (Bersanini et al., 
2014). On the other hand, the TL data in Fig.9 suggest that the presence of the flv4-2 operon-
encoded proteins could induce an increase in the redox potential of QB, thus stabilizing forward 
electron transfer. In the absence of the flv4-2 operon-encoded proteins the QB redox potential 
might decrease, leading to increased backward electron transfer to QA, with a higher probability 
to induce PSII photoinhibition (Vass et al., 1992). It has, in fact, been reported that the ∆flv4 
mutant is more sensitive to photoinhibitory conditions, due to an over-reduction of the PQ pool, 
while OE is more resistant (Zhang et al., 2009, Bersanini et al., 2014). However the differences 
obtained in the TL curves could also be influenced by other factors. Previously it was shown that 
a specific D1 copy (D1:2 form) encoded by the psbA3 gene in Synechococcus elongatus and 
Thermosynechococcus elongatus is responsible for a temperature downshift of the B and Q 
bands in TL curves (Sander et al., 2010; Sane et al., 2002; Sugiura et al., 2014). This functional 
difference is related to the presence of a glutamate residue instead of a glutamine at position 130 
in the D1:2 protein sequence, which interacts with a key pheophytin co-factor (Nixon et al., 
1991; Rappaport et al., 2002). Contrary to Synechococcus, the psbA3 gene of Synechocystis does 
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not encode this specific D1:2 form but both the psbA2 and psbA3 genes encode identical D1 
proteins (for a review on D1 forms see Mulo et al., 2009; 2012), which do not possess a Q130E 
mutation.  Thus, the differences in TL curves observed in Flv mutants are not related to changes 
in the expression of the psbA gene family. 
 Since CO2 can affect charge accumulation in leaves (Garab and Rozsa, 1988), we cannot 
exclude the possibility that the differences in the TL data would relate to the stabilization of the 
bicarbonate binding site on the acceptor side of PSII by Flv2/Flv4 under air level CO2 (for 
reviews about the “bicarbonate effect”, see McConnell et al., 2012; Shevela et al., 2012). 
Previously, it was proposed that the Flv2/Flv4 heterodimer is accepting electrons from 
the QB pocket of PSII, allowing the PQ pool to be in a more oxidized state (Bersanini et al. 
2014). However, our present results suggest that the probable binding of Flv2/Flv4 heterodimer 
in the vicinity of the QB pocket enhances charge separation in PSII by possibly increasing the 
redox potential of QB. Following our hypothesis, the electron transfer to QB is increased and the 
Flv2/Flv4-related alternative electron transfer route is likely to remove electrons from QB- and 
keep the PQ pool in a more oxidized state , resulting in shorter PSII fluorescence lifetimes in 
HEP (see model in Fig.10B). 
 In summary, new data concerning the function of the flv4-2 operon encoded proteins in 
cyanobacterial photoprotection under ambient CO2 conditions are provided. The deletion of the 
operon induces an antenna detachment effect, corresponding to the disconnection of around 20% 
of the PBSs. The reduced PSII dimer to monomer ratio, caused by the absence of the small 
Sll0218 protein, favors a relative decrease of the PSII dimer content of about 20%, showing a 
direct correlation between PSII dimer destabilization and PBS detachment from reaction centers. 
On the other hand, the binding of the Flv2/Flv4 heterodimer in close vicinity of the QB pocket of 
PSII might increase the QB redox potential, thus stabilizing forward electron transfer and 
increasing the charge separation rates in PSII.  
Finally, the flv4-2 operon-encoded proteins play an important role in the condition of 
excess excitation pressure on PSII: they stabilize the PSII dimer and the light-harvesting 
processes and enhance charge separation in PSII due to a higher redox potential of QB, allowing 
the alternative electron transfer route to sequester electrons from QB- and to maintain the other 
electron acceptors of PSII, like PQ, in a more oxidized state (Fig. 10A, B).  
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METHODS 
Strains and Growth Conditions 
The Synechocystis sp. PCC 6803 glucose-tolerant strain (Williams, 1988) was used as the 
wild type. The ∆flv4 and OE strains were described previously by Zhang et al. (2012) and 
Bersanini et al. (2014), respectively. The ∆flv4/::flv4-2 complementation strain was obtained 
with the same procedure applied for the OE mutant (Bersanini et al., 2014), but the 
transformation host was the ∆flv4 strain. The WT and mutant strains were grown at 30°C in BG-
11 (Allen, 1968) buffered with 20 mM HEPES-NaOH (pH 7.5) and sodium carbonate was 
omitted from the culture ingredients. White light was used for illumination, with intensity of 50 
µmol photons m-2 s-1. The cultures were grown in flasks shaking at 100 rpm. For physiological 
experiments, the cells were harvested at the logarithmic phase (OD750 between 0.6 and 1.1), 
resuspended in fresh BG-11 medium, and adjusted to OD670 = 0.25-0.3, as measured by Cary 
4000 spectrophotometer with integrating sphere. 
Steady-State Fluorescence 
Steady-state fluorescence spectra were recorded with a Fluorolog FL3-22 
spectrofluorimeter (Horiba Jobin Yvon, Edison, NJ) and corrected for wavelength-dependent 
sensitivity of the detection and fluctuations in lamp output. The excitation wavelength was 580 
nm; a band-pass of 3 nm was used for both the excitation and emission monochromator. 
Fluorescence emission and excitation spectra were recorded using an integration time of 0.4 s. 
Before performing the steady-state fluorescence measurements the optical density at 670 nm 
(chlorophyll) was adjusted to 0.25-0.3 for all samples. 77K measurements were performed with 
light-adapted cells frozen in liquid nitrogen in a 1 mm-optical path length cuvette to avoid 
reabsorption effect. Room-temperature measurements were performed with a 3 mm-optical path 
length flow cuvette where samples were pumped from a reservoir of 5 ml with a speed of ~ 2.5 
ml/s. Fluorescence emission spectra were recorded for cells excited with 580 nm wavelength 
light. Fluorescence excitation spectra were obtained for emission at 660 nm, 685 nm, 695 nm and 
723 nm. 
Streak-camera measurements 
For the fluorescence measurements on the streak-camera setup samples were diluted to an 
optical density of 0.25/cm at 670 nm and a cuvette with 1 mm optical path was used. Time-
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resolved emission spectra were recorded using a synchroscan streak-camera system as described 
in (van Oort et al., 2009; van Stokkum et al., 2006). Measurements have been performed both at 
RT and 77K. Each experiment was repeated at least 4 times on different generations of the cells. 
An excitation wavelength of 580 nm was used to excite preferentially the PBSs. The laser power 
was 60 µW, the spot size was 100 µm, and the repetition rate 250 kHz. An average of 100 
images, all measured for 10 s, was used for further analysis.  
Before analysis the images were corrected for the background signal and detector 
sensitivity and sliced up into traces of 5 nm (RT) or 2 nm (77K). For RT measurements the 
sample was kept in a flow cuvette and a sample reservoir (5 ml). It was flowing from the 
reservoir to the cuvette and back, with a speed of ~ 2.5 ml/s. ∆flv4 samples were measured using 
two time windows: 800 ps and 2 ns, for other samples only the 800-ps time window was used.  
For 77K measurements, samples were collected in glass Pasteur pipettes with ~1 mm 
diameter and then frozen by immersion in liquid nitrogen. For all samples measured at 77K two 
time windows were used: 800 ps and 2 ns. 
Streak-camera images were analyzed using the TIMP package for R language (Mullen 
and van Stokkum, 2007) and Glotaran, a graphical user interface for the R-package TIMP 
(Snellenburg et al., 2012). To get an equally good estimation of long (>700ps) and short 
components of ∆flv4 samples measured at RT, streak images obtained with two time windows 
were linked during the analysis. Linked fitting of two time ranges was also used for the 77K data 
to estimate the longest lifetime. The obtained ns component (~2 ns was obtained for all datasets) 
was used in a 5-component fit of 800 ps time-window data. A Gaussian-shaped instrument 
response function was used for the analysis and its width was a free fitting parameter. Typical 
FWHM values obtained from the fit were ~11 ps for the 800-ps time window and ~28 ps for the 
2-ns time window. The synchroscan period (13.17 ns) results in a back and forth sweeping of 
long-lived components and leads to some signal “before time zero” in the streak-camera images 
(van Stokkum et al., 2006). The fit quality was judged by singular value decomposition of the 
residuals matrix (Mullen and van Stokkum, 2007). 
TCSPC measurements 
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Time-correlated single photon counting (TCSPC) measurements were performed at 
magic angle (54.7°) polarization as described previously (Somsen et al., 2005). Excitation was 
carried out by ~ 0.2 ps vertically polarized excitation pulses at a repetition rate of 3.8 MHz. The 
excitation wavelength was 440 nm. The sample was kept at 287 K in a flow cuvette and a sample 
reservoir (5 ml). The optical path length of the cuvette was 3 mm. The size of the excitation spot 
was 2 mm. 
 The cells were measured in two different states. First, to keep the reaction centers mostly 
open and minimize PSII excitation pressure (low excitation pressure conditions, LEP), the 
samples were flowing from the reservoir to the cuvette and back, with a speed of ~ 2.5 ml/s. 
Together with low laser powers (~7 µW), this insures that multiple excitations of PSII complexes 
by laser pulses during the passage through the laser beam are avoided. The estimated probability 
of a PSII complex being excited in this case is <5 %. Subsequently the samples were measured 
with high excitation pressure (HEP). To achieve this, the flow speed was decreased to 0.2 ml/sec 
and the laser power was increased up to 50µW. In this case the probability of a PSII complex 
being excited by at least 1 photon during the passage through the laser beam rises up to 95%, 
which results in a substantial increase of closed RCs (RCs with reduced QA). For each run of 
measurements, the following interference filters were used for detection: 679, 693 and 724 nm 
(15 nm bandwidth) (Balzers, Liechtenstein model B40). To check the stability of the samples, 
the final experiment of a measuring series was always a repetition of the first one. The resulting 
decay curves were indistinguishable. 
TCSPC data analysis 
The full-width at half-maximum (FWHM) of the system response function was 35 ps 
when a resolution of 2.5 ps per channel was used, as obtained with the 6 ps decay of pinacyanol 
iodide in methanol (van Oort et al., 2008). Data analysis was performed using a home-built 
computer program (Digris et al., 1999). The data were fitted to multi-exponential decay functions 
with amplitudes αi and fluorescence decay times τi. The decay traces at different detection 
wavelengths were fitted globally, meaning that the decay lifetimes of a sample were forced to be 
equal at each detection wavelength but the amplitudes were allowed to differ. The fit quality was 
judged from the Poissonian maximum likelihood estimator, the residuals, and the autocorrelation 
of the residuals. 
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Electrophoresis and Immunoblotting 
Protein complexes in the membrane fraction were analyzed by BN-PAGE, which was 
performed as described by Zhang et al. (2012). Gradient polyacrylamide gels (4.5-12%) were 
used in this study. After electrophoresis, the proteins were electro-transferred to a polyvinylidene 
fluoride membrane and detected by protein-specific antibodies. 
Thermoluminescence measurements 
TL was measured with a home-built apparatus as in (Tyystjarvi et al., 2009) on filter 
paper disks containing a quantity of 25 µg Chl of cells. Samples were dark adapted for 20 min at 
+30 °C. TL was induced by a single turnover saturating flash at -20 °C as indicated in the legend 
of Figure 9. The TL curves were analyzed by fitting with Gaussians as reported in Supplemental 
material. 
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FIGURE LEGENDS 
 
Figure 1. Fluorescence emission spectra recorded at 77K (A) and room temperature (B and C) 
from cultures excited at 580 nm. The cultures were adjusted to the same chlorophyll 
concentration. The spectra are averages of four different biological replicates. The fluorescence 
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spectra were normalized to the PSI peak (723 nm) in A, and to the 660nm peak in B, while the 
spectra are not normalized in C. 
Figure 2. Representative streak-camera images (A, B, C) together with the resolved DAS and 
corresponding lifetimes (D, E, F) obtained for WT (A, D), OE (B, E) and ∆flv4 (C, F) samples 
measured upon 580 nm excitation at 77K. The overall fluorescence spectra at t = 0 (which equals 
the sum of all DAS) for all three samples were normalized to each other and the DAS were 
scaled accordingly. 
Figure 3. Comparison of individual DAS of WT (black lines), OE (red lines) and ∆flv4 (blue 
lines) from Figure 2. To compare the fluorescence intensities of individual DAS, the overall 
fluorescence spectra at t = 0 for all three samples were normalized to each other. 
Figure 4. Representative streak-camera images (A, B, C) and DAS (D, E,F) obtained for WT ( 
A, D), OE (B, E) and ∆flv4 (C, F) samples upon 580 nm excitation, measured at RT. The overall 
fluorescence spectra at t = 0 for all three samples were normalized to each other and the DAS 
were scaled accordingly. 
Figure 5. Comparison of averaged DAS together with their error margins for WT (black lines) 
and (red lines) OE cells upon 580 nm excitation, measured at RT. The overall fluorescence 
spectra at t = 0 for WT and OE samples were normalized to each other and the DAS were scaled 
accordingly. The lifetimes of the corresponding DAS are presented in the legend. 
Figure 6. Comparison of averaged DAS together with their error margins for WT (black lines) 
and ∆flv4 (red lines) cells upon 580 nm excitation, measured at RT. The overall fluorescence 
spectra at t = 0 for WT and ∆flv4 were normalized to each other and the DAS were scaled 
accordingly. The insert represents the difference spectrum of the 4th DAS (∆flv4 minus WT 
spectra). 
Figure 7. Different forms of the PSII complexes in the WT, ∆flv4 and OE strains. Representative 
BN-PAGE gel and respective D1 protein immunoblot demonstrating the different PSII 
complexes. Thylakoid membranes were isolated from the cells grown at air level of CO2 and 
subsequently applied to BN-PAGE. After electrotransfer, the polyvinylidene fluoride membranes 
were probed with the D1 antibody. 
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Figure 8. Comparison of individual fluorescence decay curves measured at room temperature 
(λexc=440 nm, λdet=679 nm) for different cells when the samples were measured during low 
excitation pressure (LEP, black lines) and high excitation pressure (HEP, gray lines) conditions 
(see Materials and Methods for measuring details). 
Figure 9. Thermoluminescence characteristics of the WT, OE and ∆flv4 strains. Filter paper 
disks containing a quantity of 25 µg Chl of cells were excited with a single turnover saturating 
flash at T=−20 °C. The measurements were performed in the absence of electron transport 
inhibitors (A) and in the presence of 10 µM DCMU (B). Thermoluminescence was measured on 
at least four biological replicates by using 0.6 °C s-1 heating rate. The tables in the graphs reports 
the peak temperature of thermoluminescence bands (B band with no addition and Q band with 
addition of DCMU) ± SD. The dashed lines indicate the WT peak temperature for B band (A) 
and Q band (B). 
 
Figure 10. Hypothesis on the effect of flv4-2 operon deletion on antenna connectivity (A) and 
PSII activity (B). A) In air level CO2 conditions, PSII dimers are stabilized by the Sll0218 
protein, showing efficient EET from PBSs towards PSII RCs. In ∆flv4, the lack of Sll0218 
protein destabilizes PSII dimers: the proportion of PSII dimers decreases by 20%, while the 
proportion of monomers increases, resulting in disturbed energy transfer from PBSs to PSII 
monomers (antenna detachment and subsequent increase of terminal emitter fluorescence at 685 
nm). B) The electron transfer activity or the binding of the Flv2/Flv4 heterodimer closely to PSII 
increases the QB redox potential, thus stabilizing the forward electron transfer and accelerating 
the charge separation rates in PSII. In ∆flv4 the increased probability of backward electron 
transfer from QB- keeps QA more reduced. The activity of the Flv2/Flv4 heterodimer provides 
more oxidized state of the PQ pool (Bersanini et al. 2014). APC, allophycocyanin; TE, terminal 
emitters; PQ, plastoquinone; PQH2, dihydroplastoquinone.  
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TABLES 
 
Table I. Quantification of the different forms of PSII complexes in the WT, OE and ∆flv4 
strains. 
  Different forms of PSII (%)  
Strain Total 
PSII (%) 
dimer monomer CP47-RC dimer/ 
monomer 
WT 100 44 ± 6 45 ± 3 11 ± 4 1,0 ± 0,2 
OE 104 ± 2 48 ± 2 49 ± 3 3 ± 1 1,0 ± 0,1 
∆flv4 55 ± 2 35 ± 3 54 ± 4 11 ± 4 0,6 ± 0,1 
 
The quantification was performed from immunoblots with the D1 antibody of four independent 
BN-PAGE gels. The values are the means of the D1 signals of the three PSII complexes ± SD. 
 
Table II. Global fitting results of time-resolved fluorescence kinetics resolved upon 440 nm 
excitation. 
Low Excitation pressure (LEP) High excitation pressure (HEP) 
Lifetime, 
ps 
Amplitude, % 
 Lifetime, 
ps 
Amplitude, % 
 
679 nm 693 
nm 
721 
nm 
679 nm 693 
nm 
721 
nm 
 
WT 
21 81.7 90.5 94.9 28 80.8 88.3 95.1 
138 13.4 6.9 4 191 14 9.2 4 
402 4.6 2.3 0.9 529 4.8 2.3 0.8 
1965 0.2 0.1 0.2 1823 0.3 0.2 0.1 
        
OE 
21 82.3 91.5 95.2 26 81.6 87.2 94.7 
140 12.2 6.0 3.7 169 14 10.2 4.7 
359 5.3 2.4 1.0 464 4.2 2.2 0.6 
2096 0.2 <0.1 <0.1 1780 0.2 0.1 <0.1 
        
  
    
∆flv4 
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24 86.1 93.1 96 24 86.8 92.3 96 
195 12.4 6.1 3.6 191 11.1 6.6 3.5 
925 1.3 0.6 0.3 764 1.7 0.9 0.4 
2454 0.3 0.2 0.1 2493 0.4 0.2 0.1 
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